Introduction
============

Gastric cancer (GC) is the fifth most common malignancy and the third leading cause of cancer-related deaths worldwide. In East Asia, the incidence of GC is significantly higher.[@b1-ott-12-2259] In China, GC is the second most commonly diagnosed cancer; the number of new cases reported in 2015 was estimated at 679,100, accounting for more than 40% of the global annual incidence rate.[@b2-ott-12-2259] GC is a heterogeneous disease, not only at the pathological and clinical levels but also at the molecular level.[@b3-ott-12-2259],[@b4-ott-12-2259] In recent years, several systemic therapies have been developed for GC that have shown promise, but GC remains the leading cause of death in China.[@b4-ott-12-2259],[@b5-ott-12-2259] Therefore, the development of new drugs for GC treatment is critical.

Curcumin is a polyphenol and the active component of turmeric and ginger, which has had a long history of use in traditional medicine. Curcumin has shown multiple pharmacological functions such as hypolipidemic, antimutagenic, anticancer, and antioxidation activities, and thus, curcumin has been investigated as a therapeutic drug in multiple clinical studies in many diseases.[@b6-ott-12-2259] Recent studies demonstrated that curcumin shows significant apoptosis-inducing abilities in breast cancer, lung cancer, pancreatic cancer, and GC in vitro and in vivo.[@b7-ott-12-2259]--[@b10-ott-12-2259] Although curcumin has been examined in many clinical trials, its widespread applications are limited because of its poor bioavailability, obvious first-pass elimination, and easy hydrolysis of aqueous solution.[@b11-ott-12-2259]

Curcumin derivatives and analogues could increase bioavail-ability via structural modification.[@b12-ott-12-2259] We previously synthe-sized a series of curcumin derivatives, one of which showed lead-like properties, which were more active than curcumin in the inhibition of GC. Here, we investigated a novel cur-cumin derivative (3E,5E)-3,5-*bis*(4-(chloro)benzylidene)-4-piperidinone (C~19~H~15~ONCl~2~; molecular weight: 343.0525; CL-6; [Figure 1A](#f1-ott-12-2259){ref-type="fig"}) for its anticancer effects and the potential mechanism in human GC cells.

Here, using human AGS and MGC-803 cell lines, we assessed the effects of CL-6 on cell proliferation, invasion, migration, and apoptosis of GC cells in vitro and found that the CL-6 exhibited novel antitumor effects in GC by inducing apoptosis. Finally, we proposed CL-6 as a strong therapeutic potential to activate the Hippo--YAP signaling pathway for the treatment of GC.

Materials and methods
=====================

Synthesis and dissolution of CL-6
---------------------------------

CL-6 was designed and synthesized by Prof. Renshan Ge from Wenzhou Medical University, which was synthesized, identified, and dissolved in dimethyl sulfoxide (DMSO). CL-6 was dissolved in DMSO for experiments. The water used in the experiments was thrice distilled using a Milli-Q Biocel system (EMD Millipore, Billerica, MA, USA).

Cell culture
------------

Human AGS and MGC-803 GC cell lines were purchased from the Cell Bank of Type Culture Collection of Chinese Academy of Sciences, Shanghai Institute of Cell Biology. AGS cells were cultured in the minimum essential medium (F-12K; Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% FBS at 37°C in a humidified atmosphere in the presence of 5% CO~2~. MGC-803 cells were cultured in DMEM (Thermo Fisher Scientific) supplemented with 10% FBS at 37°C in a humidified atmosphere in the presence of 5% CO~2~.

Cell proliferation assays
-------------------------

Cell proliferation was evaluated using the Cell Counting Kit-8 (CCK-8) according to the manufacturer's instructions (Dojindo Laboratories, Kumamoto, Japan). AGS and MGC-803 cells (7×10^3^) were seeded in a 96-well plate overnight. Cells were then treated with different concentrations of CL-6 for 24, 48, and 72 hours. The OD values were determined by a VersaMax microplate reader at 450 nm. The effect of CL-6 on cell viability was assessed by colori-metric immunoassay (Cell-Light™ EdU Apollo567 In Vitro Imaging Kit; Ribobio, Guangzhou, China) according to the manufacturer's instructions. Cells (1×10^4^) were cultured in 24-well plates and then treated with various concentrations of CL-6 (2.5, 5.0, and 7.5 μM) or DMSO. The immunoassay was performed 48 hours after CL-6 incubation. The final concentration of DMSO was kept at \<0.05% in all wells. The experiments were repeated three times for each condition.

Colony-forming assay
--------------------

AGS and MGC-803 cells (3×10^5^ cells per well) were plated in six-well plates and incubated overnight. After 48 hours exposure to different concentrations of CL-6, the viable cells were collected and counted. A total of 500 cells were collected, seeded in a 100 mm dish, and subsequently incubated for 14 days at 37°C in a humidified 5% CO~2~ atmosphere. Colonies were stained with 2% crystal violet.

Flow cytometric analysis
------------------------

Apoptosis was analyzed using the Annexin V-FITC Apop-tosis Detection Kit (KeyGen Biotech, Nanjing, China) according to the manufacturer's protocol. After treatment with various concentrations of CL-6 for 48 hours, cells were trypsinized, washed in cold PBS, and then harvested by centrifugation. The collected cells were resuspended in 500 μL of binding buffer containing 5 μL propidium iodide (PI) and 5 μL Annexin V-FITC and then stained in the dark for 20 minutes at room temperature. Cells were analyzed by a Beckman Coulter CyotFLEX flow cytometer.

Wound healing assay
-------------------

Cell were cultured in a six-well culture plate until they reached 90% confluence. A pipette tip was then used to create a scratch in the well in the longitudinal axis. Detached cells were carefully removed from the plates with PBS. Next, the medium containing 10% FBS was added, and the plate was incubated at 37°C in 5% CO~2~ incubator. At 0, 24, and 48 hours, the plates were observed using an inverted phase contrast microscope and photographed. Experiments were repeated at least three times.

Transwell invasion assay
------------------------

The invasive capacity of cancer cells was determined using a Transwell chamber (8 μm pore size; Corning Incorporated, Corning, NY, USA) with Matrigel (BD Biosciences, San Jose, CA, USA) according to the manufacturer's instructions. Briefly, cells (1×10^5^ cells/well) treated with CL-6 for 48 hours were placed into the upper chamber in 200 μL of serum-free DMEM. In the lower chamber, 500 μL of complete medium (containing 10% FBS) was added. After 24-hour incubation at 37°C with 5% CO~2~, the medium was removed from the upper chamber. The noninvaded cells on the upper side of the chamber were scraped off with a cotton swab. Cells that migrated from the Matrigel into the pores of the inserted filter were fixed with 100% methanol, stained with hematoxylin, mounted, and dried at 80°C for 30 minutes. The numbers of cells invading through the Matrigel were counted in three randomly selected visual fields from the central and peripheral portions of the filter using an inverted microscope (200× magnification). Each assay was repeated three times.

Western blot analysis
---------------------

Cells were harvested and lysed in cell-lysis buffer (Cell Signaling Technology, Danvers, MA, USA). Protein concentrations were quantified by a Bradford assay kit (Bio-Rad Laboratories Inc., Hercules, CA, USA) according to the manufacturer's instructions. Samples were heated for 10 minutes at 100°C, and then, equal amounts of denatured protein samples were separated by gel electrophoresis using 12% SDS-PAGE and transferred electrophoretically to PVDF membranes. Membranes were incubated at 4°C overnight with primary antibody (1:1,000) and washed three times with TBST buffer. The membranes were then incubated with the horseradish peroxidase-conjugated secondary antibody at room temperature for 2 hours. Protein bands were visualized using ECL reagent (Pierce, Rockford, IL, USA). Primary antibodies against YAP, p-YAP (Ser127), Bax, Bcl-2, Lats, and β-actin were purchased from Abcam (Cambridge, MA, USA).

Real-time quantitative PCR (qPCR)
---------------------------------

Total RNA was extracted from cells using TRIzol reagent (Thermo Fisher Scientific) according to the manufacturer's instructions and then reverse transcribed into cDNA using PrimeScript RT Reagent (Takara). Real-time PCR was performed using a Real-time PCR System (Roche LightCycler 480) with SYBR Green qPCR Master Mix (Thermo Fisher Scientific) to measure the expression levels of Lats and YAP mRNA. GAPDH mRNA was used as endogenous control. Relative quantification of gene expression was repeated in three independent experiments. Primer sequences are as follows: YAP: sense: 5′-TTCAAGGTAGTCTGGGAAACG-3′, antisense: 5′-TGAGAACAATGACGACCAATAG-3′; Lats: sense: 5′-TGTTTGGCACCATCATAGACT-3′, antisense: 5′-TAACTTTCCATCAGGGAGACC-3′; and β-actin: sense: 5′-CTACCTCATGAAGATCCTCACCGA-3′, antisense: 5′-TTCTCCTTAATGTCACGCACGATT-3′.

Statistical analyses
--------------------

Data were analyzed using GraphPad Prism 7.0 (GraphPad Software, Inc., La Jolla, CA, USA) and SPSS v21.0 software (IBM Corporation, Armonk, NY, USA). Results are presented as mean±SD. For all experiments, one-way ANOVA or Student's *t*-test was used to analyze the differences between groups. *P*-values were derived from two-sided tests, and *P*\<0.05 was considered as statistically significant.

Results
=======

CL-6 inhibits viability, colony formation, and proliferation of GC cells
------------------------------------------------------------------------

We first compared the effects of CL-6 and curcumin on GC cells and found that CL-6 inhibited the growth of GC cells more potently than curcumin ([Figure 1B](#f1-ott-12-2259){ref-type="fig"}). To investigate the potential cytotoxicity of CL-6 on GC cells, we performed CCK-8 assay, colony formation assay, and cell proliferation assay in AGS and MGC-803 cells treated with different concentrations of CL-6 for 24, 48, and 72 hours. CCK-8 assays showed that CL-6 significantly reduced the viabilities of GC cells in dose- and time-dependent manners compared with control treatments ([Figure 1C](#f1-ott-12-2259){ref-type="fig"}). The half maximal inhibitory concentration (IC~50~) values of CL-6 for AGS cells were 13.72±1.80, 4.23±0.05, and 1.82±0.04 μM after 24-, 48-, and 72-hour treatment, respectively. The IC~50~ values for MGC-803 cells were 12.64±7.6, 3.50±0.09, and 2.85±0.26 μM after 24-, 48-, and 72-h treatment, respectively ([Figure 1D](#f1-ott-12-2259){ref-type="fig"}). Colony formation assays showed that CL-6 significantly reduced the colony formation of GC cells in a dose-dependent manner compared with control cells ([Figure 1E](#f1-ott-12-2259){ref-type="fig"}). Furthermore, EdU analysis showed that CL-6 dose dependently reduced the proliferation of both AGS and MGC-803 cells ([Figure 2](#f2-ott-12-2259){ref-type="fig"}). Together these results indicate that CL-6 exhibits effects in inhibiting the viability, colony formation, and proliferation of GC cells.

CL-6 induces apoptosis in GC cells
----------------------------------

To clarify whether the growth inhibitory effects of CL-6 on AGS and MGC-803 cells involved the induction of apoptosis, we used Annexin V-FITC/PI double fluorescence staining and flow cytometry analysis. As shown in [Figure 3A](#f3-ott-12-2259){ref-type="fig"}, CL-6 treatment induced cell apoptosis in AGS and MGC-803 cells. The apoptosis rates of AGS cells were increased to 47.83±4.43, 64.01±2.26, and 77.90%±5.44% of the control upon treatment of 2.5, 5.0, and 7.5 μM CL-6, respectively. We observed similar apoptosis rates in MGC-803 cells ([Figure 3A and B](#f3-ott-12-2259){ref-type="fig"}) We also examined the expressions of apoptotic markers Bcl-2 and Bax by Western blot and found that CL-6 increased the proapoptotic protein Bax, decreased the antiapoptotic protein Bcl-2, and increased the Bax/Bcl-2 ratio ([Figure 3C--E](#f3-ott-12-2259){ref-type="fig"}). These results showed that CL-6 induced apoptosis of GC cells.

CL-6 inhibits migration and invasion of GCcells
===============================================

Metastasis is one of the main causes of cancer-related death. Therefore, we next examined the effects of CL-6 on the migration and invasion of AGS and MGC-803 cells using wound-healing assay and Transwell assay. In wound-healing assays, we treated AGS and MGC-803 cells with different concentrations of CL-6 (2.5, 5.0, and 7.5 μM) for 24, 48, and 72 hours, and we found that that CL-6 significantly inhibited the migration of cancer cells in a dose-dependent manner ([Figure 4A and B](#f4-ott-12-2259){ref-type="fig"}). Transwell assays showed that the number of invasive cells was significantly reduced at 48 hours after CL-6 treatment; the number of invasive AGS cells was reduced to 51.69%±4.10% and MGC-803 cells were decreased to 46.17%±7.14% in response to 2.5 μM CL-6 compared with that of controls ([Figure 4C and D](#f4-ott-12-2259){ref-type="fig"}) These results indicate that CL-6 inhibits the migration and invasion of GC cells.

CL-6 exerts its anticancer effect through the Hippo--Yap pathway
----------------------------------------------------------------

In our previous study, we found that curcumin is an inhibitor of YAP expression. Thus, we examined whether CL-6 impacted YAP expression levels in GC cells. Western blot revealed that the expression of YAP was significantly decreased in GC cells treated with CL-6 compared with that in controls ([Figure 5A and B](#f5-ott-12-2259){ref-type="fig"}). qPCR results also showed that CL-6 dose-dependently inhibited mRNA levels of YAP in GC cells ([Figure 5E](#f5-ott-12-2259){ref-type="fig"}). Previous studies reported that the Hippo signaling pathway is the major regulator of YAP activity. Activation of Lats, the upstream member of the Hippo pathway, results in phosphorylation of its downstream molecule, YAP, which undergoes nuclear translocation and subsequent inactivation.[@b13-ott-12-2259] Therefore, we examined the levels of Lats and p-YAP (Ser 127) in GC cells treated with CL-6. We found that CL-6 significantly induced the levels of Lats and p-YAP (Ser 127) in both cell lines compared with control treatment ([Figure 5C and D](#f5-ott-12-2259){ref-type="fig"}). qPCR experiments found that CL-6 induced Lats mRNA expression in a dose-dependent manner, which is consistent with the Western blot results ([Figure 5F](#f5-ott-12-2259){ref-type="fig"}). Our results suggest that CL-6 may exert its anticancer effects through the Hippo--YAP pathway.

Discussion
==========

GC is the fifth most common cancer and the third leading cause of cancer-related deaths wordwide.[@b1-ott-12-2259] The current treatment strategies for GC mainly include surgery, chemotherapy, radiotherapy, and molecular targeted therapy. Although new drugs and technologies have improved the therapeutic effects, the 5-year survival rate of GC patients is still \<24%.[@b14-ott-12-2259] Curcumin was first proposed for the treatment of cancer in 1985,[@b15-ott-12-2259] and multiple studies have subsequently demonstrated that curcumin has anti-infective, anti-inflammatory, antioxidant, and antitumor growth effects.[@b16-ott-12-2259]--[@b18-ott-12-2259] Owing to its anticancer spectrum, high efficiency, low toxicity, and no significant side effects, curcumin has been considered a third-generation anticancer drug and has caused widespread concern.[@b16-ott-12-2259]

Despite the demonstrated anticancer activities of cur-cumin, curcumin has poor stability in vitro, low bioavail-ability in vivo, and weak pharmacokinetic properties and thus still shows limitations regarding its use in clinical treatment.[@b11-ott-12-2259] Researchers have shown that the curcumin derivatives and analogues that are generated through structural modifications are good strategies to improve the properties of cur-cumin.[@b12-ott-12-2259] We previously synthesized a series of curcumin derivatives and found that CL-6 exhibited high absorption and bioavailability. Our preliminary study showed that the toxic effects of CL-6 on human GC cell lines were better than those of curcumin at the same concentration. Here, we demonstrated that CL-6 significantly inhibited the proliferation, invasion, and migration of GC cells in vitro and that CL-6 induced apoptosis in GC cells. Although curcumin has been investigated in a large number of clinical studies, the therapeutic effects and pharmacokinetic properties of CL-6 as a new curcumin derivative need further exploration. In preliminary experiments, CL-6 was not detectable by HPLC, because of the low sensitivity of our method. The development of a high-sensitivity detection method for CL-6 is required to enable future assays for concentrations of this compound throughout treatment.

Multiple studies have underscored the importance of YAP in the tumorigenesis of gastrointestinal cancers, and overex-pression of YAP promotes the occurrence and progression of gastrointestinal tumors.[@b19-ott-12-2259],[@b20-ott-12-2259] Lentiviral vector-mediated silencing of YAP by siRNA inhibited the growth of GC and induced apoptosis of GC cells.[@b19-ott-12-2259] Silencing of the YAP gene by RNA interference inhibited the invasion and metastasis of human SGC-7901 GC cells.[@b21-ott-12-2259] Kang et al[@b22-ott-12-2259] also found that YAP exhibited carcinogenic properties in GC and might be a prognostic biomarker and potential therapeutic target for GC. These studies suggest that YAP is a key transcriptional regulator of GC and might be a new target for the treatment of GC. We previously found that curcumin was a potent inhibitor of YAP expression. Therefore, we measured the expression of YAP in AGS and MGC-803 cells treated with different concentrations of CL-6 and found that CL-6 inhibited YAP expression in GC cell lines.

YAP is a major downstream factor in the Hippo pathway, which plays an important role in cell proliferation, differentiation, and DNA damage.[@b23-ott-12-2259]--[@b25-ott-12-2259] Mutations in components of this pathway have been associated with various cancers.[@b26-ott-12-2259]--[@b28-ott-12-2259] Recent studies have found that Ser127 phosphorylation of YAP is a key event in the translocation of YAP between the nucleus and cytoplasm. YAP phosphorylated at Ser127 binds cytoplasmic chaperones and remains in the cytoplasm. When Ser127 phosphorylation of YAP is reduced, YAP is released by its cytoplasmic chaperone and translocates into the nucleus, allowing it to modulate the transcription of target genes associated with cell growth.[@b25-ott-12-2259] Our study found that the level of phosphorylated YAP (Ser127) protein was increased in the two GC cells lines treated with CL-6, while the total YAP level decreased and the level of Lats increased. These findings suggest that the anticancer effects of CL-6 might be associated with the activation of the Hippo--YAP signaling pathway. Future investigation of the detailed mechanisms of CL-6 in GC required.

In vitro studies showed that CL-6 exhibited anticancer effects in human GC cells. However, the functions of CL-6 in in vivo and clinical settings remain unclear. Recent studies have shown that curcumin exhibits significant apoptosis-inducing abilities in animal models and breast cancer, lung cancer, pancreatic cancer, and GC in vitro.[@b7-ott-12-2259]--[@b10-ott-12-2259] Some animal studies have shown that GC cell lines with curcumin or its analogues show a decrease in the volume, weight, and incidence of tumor.[@b29-ott-12-2259],[@b30-ott-12-2259] Although the characteristics of CL-6, as a curcumin derivative, are similar to curcumin, the precise function of CL-6 should be examined in future in vivo and clinical studies.

Conclusion
==========

Here, we demonstrated the therapeutic potential of the novel curcumin derivative CL-6 in vitro. CL-6 inhibits the proliferation, migration, and invasion activities of GC cells. In addition, we found that CL-6 exhibits apoptosis-inducing activities in GC cells, and activation of the Hippo--YAP sig-naling pathway may be involved in these effects. Thus, we propose that the novel curcumin derivative CL-6 may be a useful candidate for the treatment of GC.
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![CL-6 inhibits the growth of GC cells.\
**Notes:** (**A**) Molecular structure of the curcumin derivative CL-6. (**B**) Curcumin and the curcumin derivative CL-6 inhibit gastric cancer cell growth. Effect of curcumin and CL-6 treatment for 48 hours on GC cell growth as detected by the CCK-8 assay. (**C**) CCK-8 assays of GC cell growth after treatment with CL-6 for 24, 48 and 72 hours. (**D**) Colony-forming assay was performed on GC cells treated with CL-6. (**E**) IC~50~ of CL-6 after 24-, 48-, and 72-hour treatment in GC cells. Data were shown as mean±SD from three independent experiments. ^\*^*P*\<0.05, ^\*\*^*P*\<0.01, and ^\*\*\*^*P*\<0.001.\
**Abbreviations:** GC, gastric cancer; CCK-8, Cell Counting Kit-8; IC~50~, half maximal inhibitory concentration.](ott-12-2259Fig1){#f1-ott-12-2259}

![EdU assay in AGS and MGC-803 cells after 48-hour incubation with CL-6 (0, 2.5, 5.0, and 7.5 μM) or DMSO as control.\
**Abbreviation:** DMSO, dimethyl sulfoxide.](ott-12-2259Fig2){#f2-ott-12-2259}

![The effects of CL-6 on the apoptosis of GC cells.\
**Notes:** (**A**) AGS and MGC-803 cells were treated with CL-6 (0, 2.5, 5.0 and 7.5 μM) for the indicated times. FITC and Annexin V/PI staining and flow cytometry were performed to evaluate apoptosis; (**B**) Quantification of results from (**A**). (**C**) AGS and MGC-803 cells were treated with CL-6 (0, 2.5, 5.0 and 7.5 μM) for 48 hours. Western blot was performed for phosphorylated Bax and Bcl-2. (**D**) Quantification of results from (**C**). (**E**) Ratio of Bax to Bcl-2. ^\*^*P*\<0.05 and ^\*\*\*^*P*\<0.001.\
**Abbreviations:** GC, gastric cancer; PI, propidium iodide.](ott-12-2259Fig3){#f3-ott-12-2259}

![CL-6 inhibits the migration and invasion of GC cells.\
**Notes:** (**A**) Wound healing assays were performed in AGS and MGC-803 cells treated with CL-6. (**B**) Quantification of results from (**A**). (**C**) Transwell invasion assays were performed in AGS cells and MGC-803 cells treated with CL-6. (**D**) Quantification of results from (**C**). ^\*\*^*P*\<0.01 and ^\*\*\*^*P*\<0.001.\
**Abbreviation:** GC, gastric cancer.](ott-12-2259Fig4){#f4-ott-12-2259}

![CL-6 exhibits its anticancer effects through the Hippo--YAP pathway.\
**Notes:** (**A**) Western blot analysis of YAP in cells treated with CL-6. (**B**) Quantification of results from (**A**). (**C**) Western blot analysis of Lats and p-YAP (Ser127) in cells. (**D**) Quantification of results from (**C**). (**E** and **F**) RT-qPCR of YAP and Lats mRNA in AGS and MGC-803 cells treated with CL-6 (0, 2.5, 5.0, and 7.5 μM) for 48 hours. Data are represented as mean±SD from three independent experiments. ^\*^*P*\<0.05, ^\*\*^*P*\<0.01, and ^\*\*\*^*P*\<0.001.\
**Abbreviation:** RT-qPCR, real-time quantitative PCR.](ott-12-2259Fig5){#f5-ott-12-2259}

[^1]: These authors contributed equally to this work
